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Electron beam damageHuman skin stratum corneum (SC) structures were investigated by electron diffraction (ED) with a very
low-ﬂux electron beam with the help of high-sensitivity detectors, the imaging plate and the CCD camera.
This low-ﬂux electron diffraction (LFED) method made it possible to minimize the unfavorable effect of elec-
tron beam damage and to give a reliable diffraction pattern from a small selected area (0.2 μm2) on a
corneocyte. Dependence of the 2-dimensional ED pattern on the size of the selected area showed that orien-
tational correlation between lipid packing domains can persist over the area much larger than their domain
size. The LFED method also allowed us to trace the detailed structural change induced by the electron beam
damage. The ED diffraction peak for the lattice constant of about 4.1 nm decayed in three steps. The detailed
analysis of these three steps suggested that a different type of orthorhombic structure exists interacted with
the well-described hexagonal and orthorhombic structures, in the process of decay resulting from electron
beam damage.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The primary role of the stratum corneum (SC), the outermost thin
layer in the skin constitution, is to serve as a physicochemical intel-
ligent interface between the inner body and the outer external envi-
ronment. The SC must selectively regulate the inward and outward
ﬂow of a broad spectrum of substances from water to poisonous
molecules to maintain the homeostasis of the living body. The func-
tion of SC is implemented by its well-organized structure consisting
of keratin-ﬁlled ﬂat corneocyte cells and an intercellular lipid contin-
uum surrounding them [1]. In particular, the intercellular lipids have
been suggested to be the key component for the barrier function of
the SC [2–7].
Abnormal lipid composition is known to be associated with dis-
eased skin [8–10]. Imokawa et al. [11] demonstrated that the amount
of the ceramide, one of the major components of the intercellular
lipids [3,4,10], is relatively small in atopic dermatitis skin. In the
structural point of view, distribution of lipid chain packing domains
in a layer of intercellular lipids has attracted researcher's attention.
Recent synchrotron X-ray diffraction (XD) studies have revealed
that hydrocarbon chains of intercellular lipids arrange in orthorhom-
bic and hexagonal lattices (here we call them Ort and Hex structures,
respectively) and form lamellar structures speciﬁc to the SC [12–15].
In addition to these two kinds of ordered domains, ﬂuid domainswa).
l rights reserved.coexist though their constitution in the intercellular lipid layers is
still in debate [16–19]. It was reported that the Ort domains decrease
in the skins of atopic dermatitis and lamellar ichthyosis, and the ﬂuid
domains increase in the dry skin, comparing with healthy controls
[17,20]. These ﬁndings lead to the inference that distribution of
these lipid packing domains plays a crucial role in the SC function.
However, there is no direct quantitative evidence showing the corre-
lation between the lipid packing structure and the indicators of the
SC function such as the transepidermal water loss. Moreover, only
limited information on the basic structural properties of intercellular
lipid itself is available. Further fundamental studies will be required
to understand the role of the intercellular lipid for barrier properties.
Synchrotron XD is a powerful tool for the investigation of the aver-
age structure of the SC [12,13,15,21]. However, it requires a huge syn-
chrotron radiation source as well as a fairly large amount of samples,
which invasive treatments such as a surgical operation are unavoidable
to collect. These factors give a practical limitation to the application of
the synchrotron XD technique to the study on the structural basis for
the SC function, especially in the human skin. On the other hand, the
electron diffraction (ED) method Pilgram et al. [22] used to analyze
the local structures of the SC has the potential to make clear the corre-
lation between the structure and the function. Since electron is strongly
scattered even by biological materials, only one corneocyte cell trans-
ferred almost non-invasively onto a glue-coated grid for electron mi-
croscopy (grid-stripping) is enough for the structural analysis of the
intercellular lipids remaining on the cell. The ED should be a useful
tool not only in basic research but also in application ﬁeld because it
Fig. 1. A scanning electron micrograph of corneocyte cells sticked to the frame of a
copper grid for electron microscopy. A layer of corneocyte cells was peeled off from
the human skin surface by the grid-stripping method and treated according to the con-
ventional protocol for the scanning electron microscopic observation. Wrinkle-like
opaque lines (microrelief) were observed on the surfaces of the corneocyte cells. Bar
indicates 30 μm.
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to the development of cosmetics and percutaneous drugs. In practice,
there have been only a limited number of studies using the electron dif-
fraction method probably because the intercellular lipid packing struc-
tures are quite vulnerable to electron beam damage [20,22–25]. In this
study, we used a CCD camera or an imaging plate (IP) as a detector of
diffracted electrons to reduce the electron dose for acquiring an ED pat-
tern. In combinationwith these high-sensitivity detectorswe employed
a carefully-controlled low-ﬂux electron beam to acquire plural ED pat-
terns from the same specimen area. We found that clear ED patterns
are able to be obtained from a quite small area on a human corneocyte
cell by this low-ﬂux electron diffraction (LFED)methodwithout cooling
the specimen to diminish the unfavorable effect of beam damage. Fur-
thermore, the dynamical LFED measurements on the electron beam
damage revealed that the irradiated electron beam induces the decay
of the diffraction peaks from lipid packing domains on a corneocyte
cell with three steps, one of which represents the decay of the domain
consisting of lipids packed in another orthorhombic (Ort*) lattice.
These results might give the insight into the distribution possibility of
the Ort, Ort* and Hex domains in the SC intercellular lipid layers.
2. Materials and methods
2.1. Sample preparation
Human skin SCs were obtained from healthy Japanese male donors
aged between 22 and 32 with informed consent. A layer of corneocytes
was transferred onto a grid for electron microscopy by the grid-
stripping method [22]. Brieﬂy, the skin surface of the forearm was
washed with liquid soap and rinsed under running water before spon-
taneous drying at room temperature. After the uppermost layers were
removed by tape-stripping three times, a layer of corneocytes was
stripped off together with the intercellular lipid using a copper grid
(600, 1000 or 1500mesh) for electronmicroscopy coatedwith an acryl-
ic adhesive (POLYTHICK, Sanyo Chemical). The glue-coated copper grid
was prepared by applying a POLYTHICK/ethyl acetate (1:3) solution and
storing under vacuum to remove the solvent. The glue was carefully
conﬁned to the surface of the copper frame to minimize its effect on
the sample. The corneocyte cells transferred onto the grid were ob-
served with a scanning electron microscope (S-4200, Hitachi, Japan)
after coated with Pd-Pt in a sputter coater (E-1030, Hitachi, Japan) to
reduce the electron charging effect (Fig. 1). A single layer of ﬂat
corneocyte cells is seen to stick to the copper grid frame. The cells are
about 30 μm across, i.e., slightly larger than the hexagonal hole of the
grid.
2.2. Low-ﬂux electron diffraction
Selected area electron diffraction experiments with a low-ﬂux elec-
tron beam (0.5–5 e∙nm−2∙s−1) were performed with a conventional
transmission electron microscope (JEM1400, JEOL) at the accelerating
voltage of 100 kV. The electron beam was directed perpendicular to
the ﬂat corneocyte cell sticking to the grid. The value of the electron
ﬂux was estimated from the intensity of the digitized image of the inci-
dent beam in the absence of specimen because the electric current in
the low electron ﬂux was out of the measurement range of the
equipped current meter. Since the electron ﬂux tended to gradually de-
crease as time goes, the obtained diffraction intensity was corrected by
measuring theﬂux before and after a series of experiments, if necessary.
The instrumental camera length was set at 150 cm and its calibration
was carried out using gold. Since the camera length depends on the
position z along the lens axis, it was corrected by measuring the value
of z (z-control equipped to the EM) after acquisition of the ED patterns
to avoid the electron beam damage.
We adopted the imaging plate (IP) (Fuji Film) and the digital CCD
camera (ES500W Erlangshen, Gatan, USA) as the detectors with highsensitivity to acquire ED patterns with S/N high enough for structural
analysis under the conditions of low electron dose for one shot (1–3
e∙nm−2). Two-dimensional ED patterns were obtained directly from
the camera output in the case of the CCD camera and using BAS1800
Bio-Imaging analyzer (Fuji Film Co., Tokyo) in the case of the IP.
One-dimensional ED proﬁles as a function of the scattering vector s=
2sinθ/λ, where 2θ is the scattering angle and λ is the wavelength of
the incident electron, were calculated by integrating the intensity
along the azimuthal direction.
3. Results
3.1. Low-ﬂux electron diffraction of a layer of corneocytes
We tried to improve the electron diffraction (ED) method intro-
duced by Pilgram et al. [22] for the structural analysis of human stratum
corneum (SC) by using high-sensitivity detectors, i.e., an IP and a CCD
camera. In this study, we demonstrate that these detectors are useful
for the structural analysis of human SC intercellular lipids, which are
quite vulnerable to electron beam damage [22]. The IP is a ﬂexible
plate coated with minute crystals of photostimulable phosphor, having
sensitivity higher by an order of magnitude than the conventional ﬁlm
detector and dynamic range greater than 104. The CCD camera is
handy and has the sensitivity comparable to the IP though it is inferior
in the spatial resolution and dynamic range to the IP. Therefore, the IP
is suitable for quantitative analysis and the CCD camera for dynamical
and statistical analyses. Selected area electron diffraction experiments
with these high sensitivity detectors made it possible to obtain reliable
and quantitative data by minimizing the effect of electron beam dam-
age. Moreover, dynamical structural change can be scrutinized by seri-
ally acquiring plural diffraction patterns from the same region on the
corneocyte cell surface. In the dynamical measurements, employing a
low-ﬂux electron beam in addition to the low-dose data acquisition is
inevitable to reduce the beam damage during the preparation period
between data acquisitions. Hence, we call our method “the low-ﬂux
electron diffraction (LFED) method”. In this study, we report mainly
the LFED results obtained by using the CCD camera.
Fig. 2 shows low-dose electron diffraction patterns from a
grid-stripped corneocyte (see Materials and Methods). Two clear
Debye-Scherrer rings, one at s≈2.4 nm−1 (0.41 nm) and the other at
s≈2.7 nm−1 (0.37 nm), were usually observed in the ED pattern as
described previously [20,22,23]. Here, for convenience, we designate
Fig. 2. Low-dose electron diffraction (LFED) patterns from a grid-stripped corneocyte. The selected areas for the LFED patterns are 55 μm2(a, d), 6 μm2 (b, e) and 0.2 μm2 (c, f–i) and
those for (a, b, c) and (d, e, f) overlapped mutually. Diffraction peaks from intercellular lipid layers are clearly seen at s≈2.4 nm−1 (arrows in a and d) and s≈2.7 nm−1 (arrow-
heads in and d). The LFED patterns from the small selected areas sometimes gave pairs of diffraction spots at s≈2.4 nm−1 and 2.7 nm−1 57° apart each other (two spots indicated
in c and arrows in g). When the selected area of 0.2 μm2 was shifted by 1 μm (g→ i), the azimuthal distribution of the diffraction spots changed clearly. The arrows in (g) indicate 6
diffraction spots probably coming from an orthorhombic domain.
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indicates the existence of lipid packing domains with an orthorhom-
bic symmetry as the Pk27 is speciﬁc to the orthorhombic lattice
[21,22,26]. The existence of the lipid packing domain with a hexago-
nal symmetry (Hex) cannot be endorsed by the appearance of the
Pk24 because the 0.41 nm spacing is shared with the orthorhombic
(Ort) structure [22,27–29]. Actually, the intensity ratio of Pk24 to
Pk27 was usually more than 2, which is the expected when only
Ort structure exit.
We examined the distribution of lipid packing domains on a
corneocyte cell by changing the size of the selected area at themutually
overlapping region (Fig. 2a–f). The LFED patterns from the surface areas
of 55 μm2 (Fig. 2a and d) and 6 μm2 (Fig. 2b and e) were very similar,
suggesting that distribution of the lipid packingdomainsmay constitute
a “fractal-like” texture. In spite of the similarity of these ED patterns, the
integrated intensity of the peaks in the range of s=2–3 nm−1 was
often not proportional to the size of the selected area probably because
there are some areas giving no diffraction intensity [23]. Actually,
wrinkle-like opaque lines (microreliefs) were often observed in the
real image of the corneocyte cell (see Fig. 1), and the areas containing
these lines gave no or only weak (sometimes only limited number of
spots or arcs parallel to the direction of opaque lines) Pk24 and Pk27. Al-
though the anisotropism of the diffraction intensity distribution along
the azimuthal direction differed from specimen to specimen (compare
Fig. 2a and d), the patterns with quasi 6-fold axis, like Fig. 2a and b,were commonly observed [23,30]. Thus, the orientation of the crystallo-
graphic axis seemed to be conﬁned to speciﬁc directions over a span of
several μm.
When the selected area was reduced to 0.2 μm2 in the inside of the
region for Fig. 2b/e, the reﬂections from each micro-domains were dis-
tinguishable as spotty peaks (Fig. 2c/f). Many of these spotty peaks are
likely to come from the lipid packing domainswith Ort symmetry, judg-
ing from their azimuthal angular distribution; we often found Pk24
peaks at the positions rotated by about 57°, characteristic angle to the
Ort lattice, from Pk27 peaks (arrows in Fig. 2c). Some Pk24 peaks
were located 60° apart each other [23,30]. However, it must be reserved
to conclude that they come from a Hex domain, because the number of
these peaks ismuch fewer than that of the peaks obviously belonging to
Ort symmetry. In addition, we sometimes observed a continuous ring at
s=2.4 nm−1 even in the selected area of 0.2 μm2, suggesting that the
Hex domains are much smaller than the Ort domains, distributing
with random orientations (Fig. 2f).
When the position of the selected area (0.2 μm2) was shifted by
1 μm, the azimuthal distribution of the diffraction spots changed,
suggesting that the size of the minute Ort domain was less than 1 μm2
(Fig. 2 g–i). It should be noted that the favorable domain orientations
were preserved (fractal-like structure) in the regions mutually apart
by the distance ten times larger than the size of the Ort domain (see
Fig. 2a). The azimuthal angular distribution of the diffraction spots
was not random, rather concentrated to particular directions (Fig. 2 g)
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results suggest that there must be some regular linkage between Ort
domains (see Discussion).
Since a longer exposure time is required for acquisition of a clear ED
pattern froma smaller area, the ED pattern in Fig. 2(i) also shows the ef-
fect of electron beam damage: The diffraction spots are more blurred in
(g) than in (i) because the unconverged electron beam for the selected
area diffractionwas irradiated onto thewhole area for Fig. 2(g)–(i) dur-
ing the experiment. In order to lower the effect of the beamdamage, we
carried out the experiments at−170 °C instead of the room tempera-
ture. As far as the domain size was concerned, the change in the ED
pattern similar to that shown in Fig. 2(g)–(i) was observed (data not
shown). The effect of the electron beamdamagewas analyzed quantita-
tively by dynamical LFED measurements on a corneocyte cell (see
below).
3.2. Kinetics of the structural decay in SC caused by electron beam
irradiation
Using a CCD camera, we examined the time course of the change
in the diffraction intensities under continuous electron beam irra-
diation at room temperature. The electron beam with the ﬂux of
0.5–5 e∙nm−2∙s−1 was irradiated onto the surface area of about
130 μm2 and diffraction patterns were acquired at the time interval of
10 s with the exposure times of 2–0.5 s. Fig. 3 shows the change in
one-dimensional ED proﬁle from a grid-stripped corneocyte irradiated
with an electron ﬂux of 0.5 e∙nm−2∙s−1. We subtracted the ED proﬁle
at the total electron dose of about 180 e/nm2, where both Pk24 and
Pk27 disappeared resulting in electron beam damage, from each proﬁle
in order to quantitatively analyze the kinetics of the decay of the lipid
packing domains (Fig. 3a). Discriminable three peaks at s≈2.0 nm−1
(Pk20), 2.4 nm−1 (Pk24) and 2.7 nm−1 (Pk27) and a shoulder at the
wider angle side of the Pk24 were identiﬁed. These peaks showed
different dependence on the electron dose.
The peak intensity of Pk24 seemed to decline to zero in three steps,
i.e., (1) the initial fairly sharp decrease, (2) the intermediate step with
relatively shallow declining slope and (3) the ﬁnal fall to zero (Fig. 4).
The features of this three-step decaying were reproduced irrespective
of themagnitude of electron ﬂux and the location of sampling. The turn-
ing point between the steps depended only on the electron dose thoughFig. 3. Decay of diffraction peaks caused by electron beam damage. The time dependence of
of 0.5 e∙nm−2∙s−1 is shown in (a). The differential proﬁles were obtained by differencing b
time is 2 s and the data acquisition interval is 10 s. The ED proﬁle at the total electron dose o
background.the relative intensity decrease during each step depended on the loca-
tion of sampling (compare the data (▲ and Δ in Fig. 4) from different
corneocytes irradiated with the same electron ﬂux).
Three steps phase shift were identiﬁed in the differential proﬁles
which were obtained by subtraction between temporally neighboring
ED proﬁles and shown in gray scale (Fig. 3b). Since the ﬁrst stepwas ac-
companied by simultaneous decrease in the intensity of Pk24 and Pk27,
the Ort domains may ﬁrst lose their structural organization with the
electron dose of about 15 e∙nm−2 for half-decay. During the second
step the Pk24 decreased together with the peak which initially located
near the Pk27 and gradually shifted toward the Pk24. These results sug-
gest that there exists a lipid packing structure with another orthorhom-
bic lattice symmetry, decaying following the disappearance of the Ort
structure. We designate another orthorhombic structure ‘Ort*’ for con-
venience. The last step represents the decay of the Hex structure,
which was most stable against the electron beam damage probably be-
cause it has looser lipid packing and, consequently, higher tolerance for
the perturbation by the degraded products than the orthorhombic
structures. However, the Hex lattice seemed to swell a little during
the ﬁrst step (see below).
Fig. 5a shows one-dimensional ED proﬁles subtracted by proﬁle
at the end of the ﬁrst step. Therefore, the 9 proﬁles over the ﬂat
line mostly represent the decay process of the Ort structure. The in-
tegrated intensity ratio between the two peaks (Pk24 and Pk27)
coming from the Ort structure was about 1.7 (Fig. 5b). The deviation
from the expected value of 2.0 may be due to overlap of the initial
part of the Ort* structure decay, judging from the asymmetric
shape of the Pk27 and the smearing seen at the smaller angle side
of the Pk27 in Fig. 3b. The position of the peak top stayed constant
(Fig. 5c), indicating that the Ort structure decay proceeds in an
all-or-none manner. In contrast, the three proﬁles below the ﬂat
line in Fig. 5a, representing the initial process of the Ort* structure
decay, contained two peaks as seen in Fig. 3b. The peak at higher s
was slightly broader than and roughly twice as large as the peak at
lower s, and gradually shifted toward the latter peak. If these two
peaks originate from the same lipid packing structure, the Ort* struc-
ture has the broad (0 2) spacing and the narrow (1 1) and (1 1¯) spac-
ings (see Fig. 7 and Table 1). Finally, it should be noted that in
addition to the decrease in the intensity of Pk24 caused by the Ort
structure decay, slight shift of the peak position was observed; thethe one-dimensional ED proﬁle from a grid-stripped corneocyte under an electron ﬂux
etween temporally neighboring ED proﬁles and shown in gray scale (b). The exposure
f about 180 e∙nm−2 was subtracted from each proﬁle for elimination of the unchanged
Fig. 4. Dependence of the Pk24 peak intensity on electron dose. The electron ﬂuxes are
0.5 (○), 1 (Δ, ▲), 3 (□) and 5 (◊) e∙nm−2∙s−1. The peak intensity seemed to decline to
zero in three steps, i.e., (1) the initial fairly sharp decrease (0–35 e∙nm2), (2) the inter-
mediate step with relatively shallow declining slope (35–90 e∙nm2) and (3) the ﬁnal
fall to zero (90–200 e∙nm2). The data at the zero dose point is the peak intensity
obtained from the ﬁrst ED pattern. The shift from the real zero dose point may be
less than 2 e/nm2 considering the time to set the sample.
Table 1
Geometrical parameters obtained from the data in Fig. 6C.
s (nm−1) Relative intensity Half width (nm−1) Intensity ratio (%)
Pk20 1.99 5.6 0.15 –
Hex 2.40 100.0 0.20 69
Ort 2.43
2.68
15.0
9.9
0.08
0.10
17
Ort* 2.38 6.5 0.14 14
2.58 12.8 0.19
Keratin 2.25 414.7 0.83 –
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this shift of Pk24 during the initial step.
We tried to deconvolute the ED proﬁle into the diffraction peaks
from each lipid packing domains on the basis of the above results
(Fig. 6 and Table 1). Assuming that the decays of Ort, Ort* and Hex
structures take place one after another and their overlap is small be-
cause of some linkage between these structures, difference between
the ED proﬁles at the beginning and the end of each step should
corresponds to the three lipid packing structures, respectively.Fig. 5. Decay process of the orthorhombic structures. The one-dimensional ED proﬁle at th
proﬁles (a). The integrated intensity (b) and the peak position (c) of Pk24 and Pk27 in (a
Pk27, decreases simultaneously, keeping their peak positions.Based on this inference, we extracted the ED patterns of Ort
(Fig. 6B–A), Ort* (C–B) and Hex (D–C) structures. The broad peak
remaining after the decay of these lipid structures may come from
ﬂuid phase and/or soft keratin in the corneocyte cell body (Fig. 6D).
These ED patterns show that the orientational anisotropy of the lipid
packing micro-domains seemed to be maintained over the distance of
μm irrespective of the packing structures while the orientation of soft
keratin had always no anisotropy. The ED patterns before and after
the subtraction were integrated along the azimuthal direction to make
one-dimensional proﬁles (Fig. 6b and c), whichwere used for the calcu-
lation of the geometrical parameters of the diffraction peaks.
The geometrical parameters obtained from the data in Fig. 6c are
summarized in Table 1. The hydrocarbon chain lattice spacings in the
Ort structure were close to those obtained by wide angle x-ray diffrac-
tion (WAXD) measurements [26] while the lattice spacing in the Hex
structure was a little larger probably because of the peak shift men-
tioned above. The peak at s=2.58 nm−1 in the Ort* structure was
close to the tiny peak between Pk24 and Pk27 sometimes observed in
WAXD measurements [21] (see Discussion). In contrast, the small
peak at s≈2.0 nm−1 (Pk20 in Table 1) had no counterpart in XD
data: A small peak appears at s≈2.2 nm−1 in WAXD measurements
but the s value does not agree with that of Pk20 within experimentale end of the initial step (the 10th proﬁle) was subtracted from each of the initial 13
) were plotted as a function of the irradiated electron dose. A pair of peaks, Pk24 and
Fig. 6. Deconvolution of the initial ED pattern into four components. The ED patterns at the beginning of the three decay steps and at the end of the third step are shown (upper row
in (a)) together with the difference patterns (lower row in (a)). Each ED pattern in the upper row is multiplied by s2 to show Pk24 and Pk27 with higher contrast. The electron doses
are (A) 0, (B) 35, (C) 87 and (D) 226 e∙nm−2. One-dimensional ED proﬁles from top to bottom in (b) correspond to the ED patterns from A to D in (a), respectively. The four proﬁles
from bottom to top in (c) correspond to A–B, C–B, D–C and D in (a), respectively.
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intercellular lipid structures because its decayproceededmonotonously
with the electron dose of about 70 e∙nm−2 for half-decay and seemed to
have no correlation to the decay of three lipid packing structures.
The existence ratio of the three lipid packing structures can be
roughly estimated from the total integrated intensity ratio; Hex: Ort:
Ort*=69: 17: 14 in the sample listed in Table 1. The intensity ratio var-
ied from sample to sample as seen in Fig. 4, where the magnitude of
Pk24 intensity decrease in each step must be related to the amount of
each lipid packing structure. Thus, the existence ratio of the three lipid
packing structures may differ from one corneocyte cell to another
while it may remain fairly constant on a single cell as seen in Fig. 2.
4. Discussion
We applied the selected area electron diffraction with a very low
ﬂux beam (LFED) to the structural analysis of the intercellular lipid
layers on one corneocyte cell stripped off from the human skin. Employ-
ment of high-sensitivity detectors was useful to reduce the unfavorable
electron beamdamage to obtain reliable ED patterns from a tiny surface
area (0.2 μm2) on a corneocyte cell. Furthermore, owing to the lowelec-
tron dose for one ED pattern, we were able to easily acquire plural ED
patterns from the same specimen region even at room temperature
and, consequently, carry out dynamical measurements. The CCD cam-
erawas suitable for this purpose because of its easy handling. However,
the CCD camera we used had relatively slow response to the change in
input intensity and, consequently, afterimage effects were inevitable,
especially on the background shape under low-dose conditions. In addi-
tion to the afterimage effect the dark current noise also disturbed the
background. In fact, difference in the background shapewas plainly dis-
cernible when we compared the LFED proﬁles acquired from the same
specimen area using the CCD camera and the IP. Therefore, the IP is
the better detector for the analysis of the background, where informa-
tion on the organization in the inside of the corneocyte cell mightcontain chieﬂy. In this study changes in the background was simply
discarded by subtracting an appropriate ED proﬁle and/or a smooth
function.
The electron beam damage can be further reduced by cooling the
sample down to the temperature of liquid nitrogen [22]. A preliminary
experiment at−170 °C showed the elongation of the half-decay time
by 2–3 times comparing with the experiments at room temperature
though the slight change in the ED pattern was observed. Since it
takes fairly long time to cool down the sample, the measurements at
low temperatures are not convenient for statistical analyses. The
cooling may be useful in the experiments which require much lower
electron dose, like the one in Fig. 2(g)–(i).
The LFEDmeasurements revealed some characteristics of the distri-
bution of intercellular lipid packing structures. Our analysis was based
on the coexistence of plural lipid phases. However, since the possibility
that a single phase decayed in three steps cannot be completely denied
[31], further experiments for much smaller selected areas containing
only Ort or Hex structure should be carried out. If our analysis is correct,
besides the already well-known Hex and Ort structures another ortho-
rhombic (Ort*) structure with (1 1) and (1 1¯) spacing of 0.42 nm and
(0 2) spacing of 0.39 nm is likely to exist (Fig. 7). The decay of these
three structures is likely to take place in series, i.e., the termination of
one decay seemed to trigger the next. Furthermore, the orientational
anisotropy persisted over much larger distance than the dimension of
the lipid packing domain (b1 μm). These results suggest that these
three domainsmight be interactedwith each other, keeping their orien-
tational order.
It is well known that temperature is one of the factors inducing
the structural change in the SC intercellular lipids. We infer that the
temperature may not be the leading factor for the observed structural
change because the experiments with different electron ﬂuxes gave
the similar dose dependence; the temperature at a certain electron
dose must depend on the electron ﬂux considering the thermal con-
ductivity of the copper grid. However, in this study we carried out
Fig. 7. The ordered hydrocarbon chain packing structures inferred from the decay experiments. Besides the already well-known Hex and Ort structures another orthorhombic (Ort*)
structure with (1 1) and (1 1¯) spacing of 0.41 nm and (0 2) spacing of 0.39 nm was suggested to exist. The lattice constants and spacings are indicated in nm. The dotted square in
the Ort structure represents a unit cell.
1430 H. Nakazawa et al. / Biochimica et Biophysica Acta 1828 (2013) 1424–1431the experiments at room temperature without precise temperature
control. Further study is needed to estimate the extent of the temper-
ature effect.
The autocorrelation function of the Pk27 intensity along the azi-
muthal direction often had a peak at 60° (see Figs. 2a, 6(B–A)). Thus,
the (0 2) direction of the Ort (and probably Ort*) lattice distributed
with roughly 6-fold symmetry as mentioned by Pilgram et al. [23,30].
In the sample with these characteristics, the orientation of the Hex lat-
tice also had a favorable direction (Fig. 6(D–C)) seemingly parallel to
the (0 2) direction of the Ort lattice. These results may suggest that
the neighboring Ort and Hex structures share speciﬁc lattice plane.
The orientational anisotropy of the lipid packing micro-domains was
occasionally observed even in a selected area of the cell size, which is
far larger than each micro-domain. In these cells the linkage between
the Hex and Ort domains may be robust and make a regular pattern.
On the other hand, even in the selected area of 0.2 μm2, the ED pattern
with almost uniform Debye-Scherrer rings were also commonly ob-
served (Fig. 2d). There seem to be no robust linkage between lipid pack-
ing domains in these samples. Further detailed study on the domain
distribution will be needed to understand why the manner of the
domain linkage is so different from cell to cell.
As for the domain orientation, it should be noted that the ED pat-
terns we obtained may be the superposition of the reﬂections from
several intercellular lipid layers located on the upper and lower
sides of a corneocyte cell. Another explanation for the orientational
anisotropy is that the domain orientation was constrained to the spe-
ciﬁc directions by the interaction with intercellular lipid layers.
Pilgram et al. have suggested that these three orientations are present
on top of each other within the long periodicity lipid lamellae
[13,23,30]. We cannot exclude these inferences, but, it is not persua-
sive in the origin of the 6-fold symmetry. Recently, Bouwstra et al.
have suggested that the ﬂuid domain exists in the central region of
the long periodicity lipid lamellae [17]. If the hypothesis is true, it
seemed that it is difﬁcult to ﬁx lipid packing orientation with across
the ﬂuid phase.
X-ray diffraction has been widely used to analyze the structure of
skin SCs [21,26]. Comparing with XD, advantage of the electron dif-
fraction mainly lies in the sample preparation: The LFED method re-
quires only a part of one corneocyte cell stripped off from the skin
surface almost non-invasively. Therefore, it is very powerful to evalu-
ate the structure of the human SC. Moreover, the two-dimensional
LFED patterns are suitable for the analysis of the orientation of the
chain packing lattice because the intercellular lipid layers are orient-
ed in parallel with the ﬂat corneocyte cell surface.
As for the dynamical diffraction, we tried to evaluate its effect on
the ED pattern. When the diffracted beam travels through thecorneocyte cell body with the thickness of about 1 μm, rediffraction
by the keratin structure and/or scattering (absorption) by the amor-
phous materials in the cell may take place. The contribution of this
phenomenon to the half-width is likely to be small because the
half-width of the central spot was almost unchanged by the insertion
of the specimen, except for appearance of a small tail. However,
absorption of the electrons diffracted in the speciﬁc direction may
occur frequently and cause the missing of some of the expected 6
diffraction spots from a lipid packing domain (see Fig. 2).
Finally, we would like to mention about the future application of
the LFED method to the structural analysis of the human skin SC. As
the LFED method make it possible to obtain plural ED patterns from
the same area on the specimen, the structural changes after chemical
or physical treatments will be traced in fairly high accuracy.
According to the decay process described in the Results section,
more than 20 frames of ED patterns can be acquired from a single
area of 100 μm2 (1.8 times larger than that in the decay experiments
described above) with the electron dose of 0.5 e∙nm−2 for one shot
within 10% loss of the Ort domains. In addition, the low-dose condi-
tions allow us to get from a quite small selected area a reliable ED pat-
tern which contains information on the orientation of each lipid
packing domain, and consequently, to analyze its detailed distribu-
tion on a corneocyte cell. Moreover, the digitized data acquired
from the IP and the CCD camera are computer-friendly and suitable
for quantitative statistical analyses of a fairly large number of images
collected at room temperature. Hence, the evaluation of the relation-
ship between the SC structure and the skin status (e.g. applying
chemicals, regional differences and so on), which is affected by a
variety of factors, must be a future target for the application of the
LFED method.Acknowledgements
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